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Abstract: This numerical study investigates the structural performance of railway sleepers made of
ultra high-performance concrete (UHPC). First, numerical concrete sleepers are developed, and the
tensile stress-strain relationship obtained from the direct tension test on the UHPC coupons is used
for the tensile constitutive model after applying a fiber orientation reduction factor. The numerical
sleeper models are validated with the experimental data in terms of the force and crack-width
relationship. Second, using the developed models, a parametric study is performed to investigate
the performance of the UHPC sleepers while considering various design/mechanical/geometrical
parameters: steel fiber contents, size of the cross-section, and diameter and strength of prestressing
(PS) tendons. The simulation results indicate that the size of the cross-section has the most impacts
on the performance, while the effect of yielding strengths of PS tendons is minimal among all the
parameters. Engineers need to pay attention to efficiency and an economical factor when using a
larger cross-section, since sleepers with larger cross-sections can be an over-designed sleeper. This
study suggests an economical design factor for engineers to evaluate what combination of parameters
would be economical designs.

Keywords: ultra high-performance concrete (UHPC); railway sleeper; static bending test; numerical
simulation; structural performance

1. Introduction

In a railway track structure system, sleepers (or ties) perform critical functions by
transferring and distributing train loadings from rail to ballast or concrete slab. The
critical components undergo repeated train loading and impact loading; however, the
exact load transfer mechanism within the sleeper is still unclear due to uneven ballast
support conditions and irregular surface conditions of rail and wheels. Due to inaccurately
identified loads and support conditions, various parts of sleepers can have damages such as
center-binding crack, and flexural and/or shear cracks at the rail-seat section. Nowadays,
the railway industry has paid more attention to how to improve the service life of sleepers
not only because of increasing axle loads, speed, and traffic volume, but also because of
increasing maintenance costs including expensive sleeper replacing costs [1].

Concrete has been widely used for manufacturing sleepers in the world [2], and vari-
ous attempts have been carried out to complement the brittle nature of the material. Cracks
in concrete sleepers have been widely investigated and identified that it is mainly attributed
to the material brittleness, particularly under dynamic loadings [1,3]. Although the tensile
crack development in concrete is inevitable, it is revealed that the crack propagation can be
effectively controlled by using various types of discontinuous reinforcements such as steel
fibers [4]. Similarly, various efforts have also been made for concrete sleeper applications
to enhance material ductility using fibers [5–8]. For example, Ramezanianpour et al. [5]
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used polypropylene fiber to enhance the tensile and flexural strength, and the durability of
concrete by reducing chloride diffusion, water penetration, and sorptivity. Shin et al. [6]
concluded that the use of 0.75% of steel fibers results in enhanced static and impact flexural
capacity and toughness. Yang et al. [7] revealed that the concrete sleepers reinforced with
steel fibers showed increased flexural and fatigue capacity at the rail-seat section compared
with conventional concrete sleepers with conventional stirrups, since the concrete sleepers
with steel fibers can mitigate crack propagation and prevent brittle shear failure.

For an efficient massive concrete sleeper production process in a precast concrete
facility, high strength concretes are generally used in order to promote early demolding
and applying prestressing forces. Therefore, many national and international standards
require specified minimum compressive strength of concrete for sleeper applications, e.g.,
C45/55 MPa in European standards [9], 50 MPa in Australia [10], and C50/60 MPa in
the International Union of Railways recommendation [11]. Ultra high-performance con-
crete (UHPC) is one of the most advanced cement-based materials showing a compressive
strength at 28 days higher than 150 MPa [12], which possesses strong potentials to extend
the service lives of structures with various engineering merits including high ductility [13],
durability [14], abrasion resistance [15], and impact resistance [16]. Recently, the authors re-
vealed that the adoption of UHPC in railway sleepers resulted in stable structural behavior
and outstanding crack resistance capability even after initial cracks developed [17].

Wide-width concrete sleepers are one of the special types of sleepers, which can
significantly reduce the burden of ballast and track substructures due to a larger contact
area. The large contact areas of the wide sleepers enable to reduce vibration values, extends
maintenance intervals, and the life of the track system [18,19]. With these advantages, the
range of applications of the wide concrete sleepers is getting higher from general lines to
highly loaded areas such as transitional zones between earthwork, bridges, and tunnels.

Recently, there have been great efforts to study the numerical models of reinforced
concrete structures by considering the nonlinearity of concrete behavior, bond strength, the
stochastic natures of concrete, etc. Sucharda et al. [20] presented the nonlinear behavior of
reinforced concrete beams without shear reinforcement using a stochastic model. In their
concrete model, they incorporated the uncertainties in the concrete properties and studied
the sensitivity to input parameters including fracture energy, Gf. Instead of performing a
direct tension test on concrete, they conducted splitting, three-point bending, and four-point
bending tests. In their study, they reported that the ratio of the maximum to minimum loads
is not necessarily corresponding to the limit of the input parameters. Valikhani et al. [21]
studied numerical modeling of bonding of regular concrete and UHPC since UHPC can
be used for the repair of concrete structures. In order to model the interface between
concrete and UHPC, they used a zero-thickness volume element with post-failure tension-
separation laws. They demonstrated the importance of the interface between two different
materials. Shin and Yu [22] presented a numerical study on the splitting performance of
prestressed concrete prisms by incorporating bond-slip behavior of prestressed concrete
using a cohesive element. They used a user-defined material model to describe the bond-
slip behavior at the interface.

In this research, a numerical model of wide-type UHPC sleepers with respect to
different amounts of fiber contents are developed and compared to the experimental tests.
A direct tension test is performed and used for obtaining nonlinear properties of UHPC in
tension. Using the developed models, a parametric study is performed to investigate the
structural performance of the sleepers with respect to the content of steel fibers, the diameter
of the prestressing tendons, and the yielding strength of PS tendons. The commercial finite
element program ABAQUS is used in this study [23].

2. Mix Design and Fabrication of UHPC Sleeper

Wide-width concrete sleepers were manufactured using UHPC mixtures with three
levels of fiber contents, mainly 0.5%, 1.0%, and 1.5%. The detailed mix proportion of
the UHPC mixtures and the mixing procedures can be found in Bae and Pyo [8]. The
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compressive strength was evaluated using a 50 mm cubic specimen and averaged from at
least three specimens. The compressive strengths of 0.5%, 1.0%, and 1.5%-UHPC specimens
at 28 days were 149, 160, and 159 MPa, respectively. In addition, tensile strength results
were adopted from Pyo et al. [24], where the tensile behavior of the similar UHPC mixture
without ground granulated blast furnace slag (GGBFS) was characterized by following the
JSCE recommendation [25]. The thickness of the tested tensile specimens was 30 mm-thick
according to the recommendation. Figure 1 shows the averaged stress-strain relationships
of UHPC with three levels of fiber contents under the direct tension test. For numerical
constitutive models, the experimentally obtained constitutive relationship data were used
to calibrate the uniaxial tensile behavior of three different concrete models. The solid lines
represent the experimental data [24] and the dashed lines the numerical models.

Figure 1. Experimentally obtained averaged stress-strain relationships under the direct tensile test on
the UHPC with various fiber volume contents and the corresponding numerical constitutive models.

Figure 2 shows the detailed layout of the fabricated UHPC sleepers in the previous
research [8,17], in which four PS tendons with diameters of 9.2 mm were used. Six sleepers
with the 1.0% fiber volume case and three sleepers with the 0.5% and 1.5% fiber volume
cases each were fabricated and tested. The fresh UHPC mixture was cast in the mold with
external vibration, similar to the conventional sleeper production protocol. The casted
UHPC sleepers were demolded after 24 h of curing and the sleepers were air-cured for an
additional 24 h. Then, the prestress forces were introduced with the post-tensioning method.
It is important to note that the prestress force was introduced without a post-tension duct
and a thin layer of coating was applied to the surface of the PS tendons.

Figure 2. Cont.
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Figure 2. Geometrical dimension of L-150 series sleeper (unit: mm): (a) top view; (b) front view;
(c) rail-seat section; (d) center section.

3. Finite Element Modeling

The brittle cracking model available in ABAQUS [23] is adopted to describe the brittle
failure nature of the concrete. Since the direct tensile stress and strain relationships were
available for three different levels of the steel fiber contents, the direct stress after cracking
and direct cracking strain data were computed and used to define concrete cracking
behaviors. Figure 1 shows the comparisons between the numerical and experimental
stress-strain relationships for the cracking models. The inelastic tensile strain is computed
by Equation (1).

εin
t = εcurrent

t − σcurrent
t

Eo
, (1)

where εin
t is the inelastic strain (direct cracking strain) in tension, εcurrent

t is the total strain,
σcurrent

t is the current stress level (direct stress after cracking), and Eo is the initial elastic
modulus of concrete [23]. For the simplicity and the elastic nature of the UHPC (with the
compressive strength of 150 MPa), the compression region of concrete is modeled as a
linear elastic model. Table 1 summarizes the important mechanical properties of concrete
and prestresssing tendon in the models. For the post-cracking behavior of the UHPC, the
direct stress onset of cracking was found to be 3.17 MPa, 6.52 MPa, and 5.58 MPa for the
UHPC with steel fiber content 0.5%, 1.0%, and 1.5%, respectively, from the direct tension
test. It is important to note that the direct stress onset of cracking of the UHPC with 1.0%
steel fiber content is slightly higher than that of the UPHC with 1.5% steel fiber content.
However, the ultimate strength of the UHPC with 1.5% steel fiber content is the highest
(see Figure 1).

In this study, a 2D model with plane stress elements (four-node plane stress element)
was adopted to describe the concrete body of a sleeper. The width of the sleeper is separately
defined at the various regions; the width of 360 mm was assigned to the rail-seat area, and
the width of 270 mm at the center section. The PS tendons were modeled as 1D truss model
(two-node linear truss element) with a specific area (132.95 mm2 = 2 × 66.48 mm2) at the
specific heights. The prestressing tendons were fully embedded into the concrete body.
Figure 3 shows the 2D numerical model developed in ABAQUS (ABAQUS 6.14, Dassault
Systèmes Simulia Corp, Providence, RI, USA). The total number of the elements and the
nodes were 1840 and 1985, respectively. Then, 69,000 N (1038 MPa) of the prestressing
force was assigned to each tendon. A pin and roller boundary conditions were assigned at
197 mm and 697 mm nodes from the free end. A point load was applied at 447 mm from
the free end on the top surface at the rail-seat section, similar to the experimental test. An
explicit dynamics analysis was performed for a quasi-static process [23].
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Table 1. Summary of the material properties.

Concrete

Young’s modulus 51.0 GPa

Compressive strength 150 MPa

Poisson’s ratio 0.2

Tensile strength (steel fiber 0.5%) 8.82 MPa

Tensile strength (steel fiber 1.0%) 15.6 MPa

Tensile strength (steel fiber 1.5%) 18.4 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 3.17 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 6.52 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 5.58 MPa

Steel tendon

Young’s modulus 200 GPa

Yielding strength 1275 MPa

Poisson’s ratio 0.3

Figure 3. The 2D numerical sleeper model (a), its mesh (b), and the boundary conditions (c).

4. Comparisons with Experimental Data
4.1. Summary of the Testing at the Rail-Seat Section

A quasi-static three-point bending test according to European standards [9], was
conducted on three UHPC sleepers with 0.5% steel fiber contents, six sleepers with 1.0%
steel fiber contents, and three sleepers with 1.5% steel fiber contents. The centerline of
the actuator is placed at 447 mm away from the free end of the sleeper, and the supports
were placed 500 mm away from each other. Figure 4 shows a testing setup of the static
three-point bending test. The reference test load, Fro of 126.8 kN, was computed [17]. The
force and crack-width relationship of each sleeper was obtained and compared to each
other. Overall, the higher the steel fiber contents are, the higher load capacities become.
The 1.5% UHPC sleepers showed the highest failure forces and were able to mitigate the
crack propagation. In Section 4.2.2, the experimental force and crack-width relationships
together with numerical results are presented. The detail of the experimental tests and
results can be found in the previous study [8].
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Figure 4. Static bending test setup at the rail-seat section.

4.2. Validation of the Numerical Sleeper Models
4.2.1. Fiber Orientation Reduction Factor

The fiber orientation effect was considered, herein, when calibrating the experimen-
tally obtained tensile constitutive relationships of UHPC depicted in Figure 1. It is well
known that the tensile capacities of fiber reinforced concrete including UHPC principally
depends on the fiber properties including the distribution and volume fraction [26,27].
It should be pointed out that due to the relatively thin specimen used in the tensile test
(30 mm) [24], 19.5 mm long steel fibers tend to be aligned in a two-dimensional manner.
On the other hand, the discontinuous steel fibers can be assumed to be three-dimensionally
oriented in the 140 mm thick rail-seat section of the sleepers. The fiber orientation factors, α,
are known to be 2/π and 0.5 for two-dimensional and three-dimensional fiber orientations,
respectively [27,28]. Therefore, it is logical to adopt 0.785 (= 0.5

2/π ) as the fiber orientation
reduction factor in this numerical study. Figure 5 shows the adopted stress-strain curves in
the numerical analysis after considering 0.785 of the reduction factor, α. After the propor-
tional limit of the obtained stress-strain relationships, the strength is reduced by 21.5% of
the original strengths. Therefore, the constitutive relationships with α of 0.785 were used
in the numerical simulations.

Figure 5. Stress and strain curves after applying the reduction factor of 0.785 for tension.

4.2.2. Validation of the Numerical Models

Three numerical sleeper models were prepared: (1) with 0.5% steel fiber contents,
(2) with 1.0% steel fiber contents, and (3) with 1.5% steel fiber contents. A point load
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is applied at the center of the rail-seat section of the models. The applied load and the
crack widths were monitored and compared with the experimental tests. Figures 6–8 show
the comparisons of the force and crack-width curves between the numerical simulations
and the experimental tests. Overall, the numerical models agree well with the experi-
mental test results. The figures demonstrate that the sleeper models incorporated in this
study are capable of capturing the initial stiffness, yielding of the steel tendons, cracking
of the concrete, and the capacity of the sleepers due to the different level of steel fiber
contents. It is also worthwhile to note that the fiber orientation factor, α, of 0.785 is able
to describe the strength change in the UHPC of the sleepers from the coupon tests. In
addition, the 1% steel fiber UHPC sleeper tends to overestimate the strength, while 0.5%
and 1.5% steel fiber UHPC sleepers underestimate the ultimate strengths as compared to
the experimental results.

Figure 6. Comparison of the force and crack-width curves with 0.5% steel fiber UHPC at the
rail-seat section.

Figure 7. Comparison of the force and crack-width curves with 1.0% steel fiber UHPC at the
rail-seat section.
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Figure 8. Comparison of the force and crack-width curves with 1.5% steel fiber UHPC at the
rail-seat section.

5. Parametric Study
5.1. Design of Input Parameters

A parametric study was conducted with respect to the cross-sectional dimensions of
sleepers and different types of steel tendons and steel fiber contents in the UHPC using the
developed numerical sleeper models. In this parametric study, the structural performance
of the UHPC sleepers were explored in terms of the crack width, the load capacities, the
safety factor, and an economical design factor.

The important mechanical and geometrical parameters of the UHPC sleepers con-
sidered, herein, are as follows: (1) the cross-sectional dimensions, (2) the diameter of the
steel tendons, (3) the yielding strength of the PS tendons, and (4) the steel fiber content of
the UHPC. Table 2 summarizes the input values of each parameter. When the height of
the cross-section at the rail-seat (hr) changes, the height of the cross-section (hc) changes
accordingly. In addition, the locations of the steel tendons on top (P1) and bottom (P2)
have to be adjusted (see Figure 9). Three different heights at the rail-seat section have been
explored: 140 mm (L-type), 165 mm (M-type), and 195 mm (H-type). L, M, and H stands for
lower, medium, and high height of the cross-sections, respectively. In the railway industry
in South Korea, a 9.2 mm diameter tendon with 1080 MPa of the yielding strength has
been commonly used. However, there is a growing interest in adopting larger diameter
tendons and/or high strength steel such as 11.0 mm and 1275 MPa of the yielding strength
when manufacturing prestressed concrete sleepers. Three different levels of steel fiber
contents (0.5%, 1.0%, and 1.5%) are also explored. The total number of the simulation cases
is 21, and Table 3 summarizes the 21 different simulation cases. Specimen numbers 1~7
were designed to have 0.5% of steel fiber of the UHPC, specimen numbers 8~14, 1.0%, and
specimen numbers 15~21, 1.5%, respectively.
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Table 2. Summary of the input parameters.

Steel fiber contents (%) 0.5 1.0 1.5

Yielding stress of prestressing tendon (fy) (MPa) 1 080 1 275

Diameter of prestressing tendon (ϕ) (mm) 9.2 11.0

Cross-sectional parameters L-Type M-Type H-Type

Height of the rail-seat section, hr (mm)
(hr1, mm)

140
(125)

165
(150)

195
(180)

Height of the center section, hc (mm) 125 150 180

Location of the prestressing tendon, P1 (mm) 32.5 35 50

Location of the prestressing tendon, P2 (mm) 60 75 80

Figure 9. The schematics of the UHPC sleeper sections.

Table 3. Summary of the numerical concrete sleeper models and their nomenclatures.

Sp. No. Steel Fiber 0.5% Sp. No. Steel Fiber 1.0% Sp. No. Steel Fiber 1.5%

No.1 L-ϕ9.2-fy1 275 No.8 L-ϕ9.2-fy1 275 No.15 L-ϕ9.2-fy1 275

No.2 L-ϕ11.0-fy1 275 No9 L-ϕ11.0-fy1 275 No.16 L-ϕ11.0-fy1 275

No.3 L-ϕ11.0-fy1 080 No.10 L-ϕ11.0-fy1 080 No.17 L-ϕ11.0-fy1 080

No.4 M-ϕ09.2-fy1 275 No.11 M-ϕ9.2-fy1 275 No.18 M-ϕ9.2-fy1 275

No.5 M-ϕ09.2-fy1 080 No.12 M-ϕ9.2-fy1 080 No.19 M-ϕ9.2-fy1 080

No.6 H-ϕ09.2-fy1 275 No.13 H-ϕ9.2-fy1 275 No.20 H-ϕ9.2-fy1 275

No.7 H-ϕ09.2-fy1 080 No.14 H-ϕ9.2-fy1 080 No.21 H-ϕ9.2-fy1 080

5.2. Analysis Results
5.2.1. Cross-Sectional Dimensions: L, M and H

In order to discuss the effect of the cross-section sizes (L, M, and H), three simula-
tion results were presented in Table 4 and Figure 10 as examples: (1) L/9.2/1275/1.0%,
(2) M/9.2/1275/1.0%, and (3) H/9.2/1275/1.0%. In this discussion, the only variable is
the size of the cross-section, when other parameters are kept constant: the diameter of
the tendons is 9.2 mm, the yielding strength of the tendon is 1275 MPa, and the steel fiber
content is 1.0%. In general, the larger the cross-section is, the greater the loading capacity
of the sleepers becomes. In the figure, the simulation result of the sleeper with 140 mm
of hr, 9.2 mm of the diameter, 1275 MPa of fy (steel), and 1% of the steel fiber content
is represented by the black square line (L/9.2/1275/1%). ∆F1 means the change in the
applied load required between the force (Frr) when the crack width is about 0.01 mm and
the corresponding force (Fr0.05) when the crack width reaches about 0.05 mm. Higher
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∆F1 is observed from the larger section sleepers. This means that the larger cross-section
sleepers are capable of delaying crack propagations. In other words, when the cross-section
of the sleeper gets larger, the moment of inertia becomes greater, which results in increased
flexural rigidity and sustains higher moments without significant damages. After the crack
width reached 0.05 mm, the secant and tangent modulus of the force-crack width diagram
were gradually reduced. At approximately 0.12 mm crack width, the PS tendons reached
the yielding. Soon after the yielding of the prestressing tendons, the sleepers reached the
failure (FrB) of the rail-seat section due to the significantly reduced flexural rigidity. Similar
trends were observed when the steel fibers were 0.5% and 1.5% as well. The force and
crack-width graphs of other cases are presented in Section 5.2.3.

Table 4. Summary of the L, M, and H-type sleepers with the following parameters: 9.2 mm diameter, fy of 12,175 MPa and
1% steel fiber.

Simulation
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
∆F1 (kN) =

(Fr0.05 −
Frr)

∆F2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.008 6
1.02 158.4 91.2 1.51Fr0.05 388.8 0.056 4

FrB 480.0 1.28

M/9.2/1
275/1.0% 56 075

Frr 300.0 0.009
1.12 206.2 118.8 1.97Fr0.05 506.2 0.051

FrB 625.0 2.94

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.009 4
1.25 276.5 158.7 2.63Fr0.05 676.3 0.052 8

FrB 835.0 1.988

Figure 10. The force-crack width diagram of the L, M, and L-type sleepers with 9.2 mm diameter,
1% steel fiber, and fy of 1275 MPa.

The ratio of the cross-sectional area of the M-type sleeper to the L-type sleeper, and
the ratio of the cross-sectional area of the H-type sleeper to the L sleeper are 1.19 and 1.41,
respectively, while the ∆F1 ratios of the M to L sleeper and H to L sleeper were 1.30 and
1.74, respectively. This means that the increased capacity ratios of the sleepers were higher
than the increased area ratios. The safety factor of each sleeper can be computed by FrB

2.5Fro
,
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where FrB and Fro is the force at the failure and the design reference force; Fro is 126.8 kN
and 2.5 is the dynamic factor [17]. L, M, and H’s safety index was found to be 1.51, 1.97,
and 2.64. Too large a safety index means the sleeper is over-designed. This study suggests
an economical design factor, which can be computed by 100FrB/Area. When this index is
close to 1, the sleeper is structurally sound and economical. The 100FrB/Area index value
of the L, M, and H sleepers were found to be 1.02, 1.12, and 1.25, which indicate that the
L-type sleeper is the most economical design.

5.2.2. The Diameter and the Yielding Strength of PS Tendons

Table 5 and Figure 11 shows the simulation results with respect to the diameter
and the yielding strength of the PS tendons when the steel fiber content was kept at
1.0%. Two different diameters of the PS tendons are explored: (1) 9.2 mm (smaller di-
ameter), and (2) 11.0 mm (larger diameter). In addition, 1080 MPa and 1275 MPa of
the yielding strength, fy are considered. As examples, five simulations are presented in
Table 5 and Figure 11: (1) L/9.2/1275/1.0%, (2) L/11.0/1275/1.0%, (3) L/11.0/1080/1.0%,
(4) H/9.2/1275/1.0%, and (5) H/9.2/1080/1.0%. Given that the cross-sections and the steel
fiber contents are kept constant, about 20% higher yielding strength PS tendons results
in only 4.4% and 9.5% increase in ∆F2 for H/9.2 types, and L/11.0 types, respectively.
This is due to the area of the PS tendons to the area of the cross-sectional area of concrete
being relatively low for the H/9.2 type. When using the larger diameter PS tendons, the
load capacities of the sleepers increase accordingly. When comparing the results between
L/9.2/1275/1.0% and L/11.0/1275/1.0%, the area of the larger diameter PS tendons is
1.43 times to that of the smaller diameter tendons; and the increase in Frr, Fr0.05, and FrB is
20%, 11%, and 20%, respectively. These results indicate that the use of the larger diameter
tendons would be more efficient than the use of the higher strength PS tendons in terms
of the load increase capacities. In addition, these simulation results give some insights
on whether sleeper (or crosstie) engineers would like to use a combination of (1) smaller
diameter with higher strength PS tendons or (2) larger diameter with lower strength PS
tendons. L/11.0/1080/1.0% case shows higher load capacities and safety factors than
those from L/9.2/1275/1.0%. However, when engineers prefer an economical design,
L/9.2/1275/1.0% can also be adopted since the safety factor is 1.51 and the 100FrB/Area
index is close to 1.0.

Figure 11. Force and crack width diagrams with respect to the diameter and the yielding strength of
the PS tendons (the steel fiber content was kept at a 1.0% constant).



Materials 2021, 14, 2979 12 of 17

Table 5. Summary of the simulation results with respect to the diameter and the yielding strength of the PS tendons (the
steel fiber content was kept at a 1.0% constant).

Analysis
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
∆F1 (kN) =

(Fr0.05 −
Frr)

∆F2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.0086

1.02 158.4 91.2 1.51Fr0.05 388.8 0.0564

FrB 480.0 1.28

L/11.0/1
275/1.0% 47 200

Frr 276.0 0.0098

1.22 155.3 142.7 1.81Fr0.05 431.3 0.0452

FrB 575.0 7.292

L/11.0/1
080/1.0% 47 200

Frr 249.6 0.0115

1.10 171.6 98.8 1.64Fr0.05 421.2 0.0532

FrB 520.0 2.104

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.0094

1.25 276.5 158.7 2.63Fr0.05 676.3 0.0528

FrB 835.0 1.988

H/9.2/1
080/1.0% 66 725

Frr 384.0 0.0084

1.12 264.0 152.0 2.52Fr0.05 648.0 0.0539

FrB 800.0 1.922

5.2.3. Steel Fiber Contents

This section presents the simulation results with respect to the steel fiber contents
(i.e., 0.5%, 1.0%, and 1.5%). Table 6 and Figure 12 show the summary of the results
of the six simulations used as examples: (1) L/9.2/1275/0.5%, (2) L/9.2/1275/1.0%,
(3) L/9.2/1275/1.5%, (4) H/9.2/1275/0.5%, (5) H/9.2/1275/1.0%, (6) H/9.2/1275/1.5%.
In general, as the steel fiber content increases, the load capacities, the safety factor, and the
economic design factor increase. For the smaller cross-section sleepers (L-type cases), the
use of 1.0% and 1.5% steel fiber contents results in the significant increase in the perfor-
mance compared to that of the sleeper with 0.5% steel fiber content. The performance of
L/9.2/1275/1.0% and L/9.2/1275/1.5% are similar to each other, and the increase in the
load capacities are only 3~6%; furthermore, the safety factor only increases to 1.56 (1.5%
of the steel fiber) from 1.51 (1.0% of the steel fiber). The performance of the L-type-0.5%
steel fiber sleeper is significantly lower than that of the sleepers with the higher steel fiber
contents. As observed, FrB

2.5Fro
is only 1.18 and 100FrB/Area is 0.79 for L/9.2/1275/0.5%.

For the larger cross-section sleepers (H-type cases), the trends are similar to those from the
L-type cases. The steel fiber 1.0% and 1.5% sleepers show good performance while the dif-
ference between two cases is not as great as the L-types. The H-type-0.5% steel fiber sleeper
shows lower load capacities and safety factors when compared to those of the higher steel
fiber content sleepers; 100FrB/Area is 0.94, which is still less than 1.0. When casting a
smaller cross-section UHPC sleeper (L-type case), the use of 0.5% steel fiber content is not
adequate. In addition, the difference in the performance of the sleepers between 1.0 and
1.5% steel fiber UHPC in terms of the force and crack-width at the rail-seat is not much
different. Therefore, 1.0% steel fiber UHPC can be an economical design choice. For the
larger cross-section sleepers, all three steel fiber contents would be acceptable. However,
instead of H-type 0.5% sleeper, M-type sleepers could be a good alternative since M-type
sleepers shows the similar performance while they are more economical. As an example,
the performance of M/9.2/1275/1.0% is similar to that of H/9.2/1275/0.5% in term of
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Frr, Fr0.05, FrB, the economical design factor, and the safety factor (see Tables 4 and 6). The
economical design factor, 100FrB/Area of the M-type was found to be 1.12, while that of
the H-type was 0.94.

Table 6. Summary of the simulation results with respect to the 0.5%, 1.0%, and 1.5% steel fiber contents.

Analysis
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
∆F1 (kN) =

(Fr0.05 −
Frr)

∆F2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/0.5% 47 200

Frr 180.0 0.0103

0.79 101.3 93.7 1.18Fr0.05 281.3 0.0487

FrB 375.0 2.282

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.0086

1.02 158.4 91.2 1.51Fr0.05 388.8 0.0564

FrB 480.0 1.28

L/9.2/1
275/1.5% 47 200

Frr 217.8 0.0108

1.05 183.1 94.1 1.56Fr0.05 400.9 0.0532

FrB 495.0 1.724

H/9.2/1
275/0.5% 66 725

Frr 300.0 0.0105

0.94 168.7 156.3 1.97Fr0.05 468.7 0.0454

FrB 625.0 3.137

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.0094

1.25 276.5 158.7 2.63Fr0.05 676.3 0.0528

FrB 835.0 1.988

H/9.2/1
275/1.5% 66 725

Frr 388.5 0.0109

1.32 273.8 220.7 2.79Fr0.05 662.3 0.0452

FrB 883.0 2.224

Figure 12. Force and crack-width relationships of the L- and H-type sleepers with respect to the three
different steel fiber contents.

Figures 13–15 show the force and crack-width relationship of all 21 numerical sim-
ulations. Regardless of the steel fiber contents, the increase in size would have the most
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significant impacts on the performance of the UHPC sleepers. The improvement can
be further enhanced with the combination of the higher steel fiber contents, the larger
diameter PS tendons, and the higher strength PS tendons. However, the use of a larger
cross-section with 1.5% steel content, 11.0 mm diameter PS tendons of 1275 MPa yielding
strength is a clearly over-designed sleeper. This study also indicates that the improvement
due to the higher strength PS tendons would be minimum among all the design parameters
considered. It is also interesting to note that there are cases that would show similar perfor-
mance even though the cross-section sizes are different. For example, M/9.2/1080/0.5%
and L/11.0/1275/0.5% show similar performance, as well as M/9.2/1275/1.0% and
H/9.2/1275/0.5%.

Figure 13. Simulation results of the force and crack-width curves with 0.5% steel fiber UHPC at the
rail-seat section.

Figure 14. Simulation results of the force and crack-width curves with 1.0% steel fiber UHPC at the
rail-seat section.
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Figure 15. Simulation results of the force and crack-width curves with 1.5% steel fiber UHPC at the
rail-seat section.

6. Discussion

In this numerical study, a 2D prestressed concrete sleeper model with a brittle cracking
constitutive model was developed and validated with experimental data. In general, the
numerical results were compatible with the experimental results in terms of the force
and crack-width relationship at the rail-seat section. The obtained tensile stress-strain
relationships of UHPC with different steel fiber contents [24] were directly used to define
the cracking stress and cracking strain of the brittle cracking model. In this process, an
orientation reduction factor of 0.785 was applied to the post-cracking behavior of all three
UHPCs. As it has been known to the community, 2D and 3D orientation reduction factors
are 2/π, and 0.5. Therefore, a single orientation reduction factor (0.785) was adopted in
this study for the simulations. However, the fiber reduction factor could be dependent
upon the distribution, orientation, and volume fraction of the fibers in a concrete mix.
Therefore, it is challenging to use a just deterministic approach for the factor while the
concrete properties including the reduction factor has the stochastic characters. With the
0.785 reduction factor, 1.0% steel fiber sleepers predict the ultimate strength higher than the
experimental test. This shows that there is room for improvement. A stochastic approach
can be applied to evaluate the range in the performance of the sleepers using UHPC. It
should be, however, pointed out that additional experimental research should be conducted
to achieve a statistically meaningful dataset to adopt the stochastic approach, especially for
the fiber orientation effect. In addition, the usage of a single orientation reduction factor
would be beneficial for sleeper engineers and structural engineers to practically design
concrete structures with fiber reinforcements.

7. Conclusions

This numerical study focuses on investigating the performance of UHPC sleepers with
respect to various design/mechanical/geometrical parameters. The parameters include
the steel fiber contents, the size of the cross-section, the diameter and yielding strength of
the PS tendons. The key observations and findings of this research can be summarized
as follows:

1. The developed numerical 2D-UHPC sleeper model was capable of representing the
force and crack-width relationships. Three UHPC direct tension tests with the 0.5%,
1.0%, and 1.5% steel fiber contents were used for the UHPC tensile constitutive models.

2. The fiber orientation factor, α, of 0.785 is used to represent the realistic stress-strain
behavior of the UHPC in 3D as opposed to the thin coupon test where the fibers are
well aligned in a 2D manner.
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3. The numerical analysis results indicate that the bigger the cross-section is, the higher
the load capacities and the safety factor become. However, using a too large cross-
section can result in uneconomical design sleepers. The economical design factor,
100FrB/Area is computed to evaluate the economical factor of the UHPC sleeper.
When 100FrB/Area is close to 1.0, the UHPC sleeper is economical.

4. There are growing interests in using a larger diameter tendon and/or a higher strength
tendon. This study recommends using a larger diameter tendon with a lower strength
for an economical design.

5. A steel fiber content of 0.5% tends to yield to lower strengths UHPC sleepers relative
to the 1.0% and 1.5% steel fiber content sleepers.

6. Some M-type sleepers with 1.0% steel fiber UHPC show similar performance to
H-type sleepers with 0.5% steel fiber UHPC.

This numerical study was able to provide insights on the effects of the design pa-
rameters for developing concrete sleepers using UHPC. Additional research needs to be
conducted to investigate the overall behavior of UHPC sleepers, including bending at
the center-section of the sleepers and the effect of the variability of concrete properties
including an orientation reduction factor.

Author Contributions: Conceptualization, M.S., Y.B. and S.P.; methodology, M.S., Y.B. and S.P.;
software, M.S.; validation, M.S. and Y.B.; formal analysis, M.S. and Y.B.; investigation, M.S., Y.B. and
S.P.; resources, M.S., Y.B. and S.P.; data curation, M.S. and Y.B.; writing—original draft preparation,
M.S.; writing—review and editing, M.S., Y.B. and S.P.; visualization, M.S. and Y.B.; supervision, S.P.;
project administration, Y.B. and S.P.; funding acquisition, Y.B. and S.P. All authors have read and
agreed to the published version of the manuscript.

Funding: The research described herein was sponsored by a grant from R&D Program of the Korea
Railroad Research Institute, Republic of Korea. This work is also supported by the Korea Agency for
Infrastructure Technology Advancement (KAIA) grant funded by the Ministry of Land, Infrastructure
and Transport (Grant 21CTAP-C152046-03). The opinions expressed in this paper are those of the
authors and do not necessarily reflect the views of the sponsors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sadeghi, J.; Kian, A.R.T.; Khabbazi, A.S. Improvement of mechanical properties of railway track concrete sleepers using steel

fibers. J. Mater. Civil. Eng. 2016, 28, 04016131. [CrossRef]
2. Ferdous, W.; Manalo, A. Failures of mainline railway sleepers and suggested remedies–review of current practice. Eng. Fail. Anal.

2014, 44, 17–35. [CrossRef]
3. Kaewunruen, S.; Remennikov, A. Dynamic properties of railway track and its components: A state-of-the-art review. In New

Research on Acoustics; Weiss, B.N., Ed.; Hauppauge, Nova Science: New York, NY, USA, 2008; Volume 28, pp. 197–220.
4. Pyo, S.; Alkaysi, M.; El-Tawil, S. Crack propagation speed in ultra high performance concrete (UHPC). Constr. Build. Mater. 2016,

114, 109–118. [CrossRef]
5. Ramezanianpour, A.A.; Esmaeili, M.; Ghahari, S.A.; Najafi, M.H. Laboratory study on the effect of polypropylene fiber on

durability, and physical and mechanical characteristic of concrete for application in sleepers. Constr. Build. Mater. 2013, 44,
411–418. [CrossRef]

6. Shin, H.O.; Yang, J.M.; Yoon, Y.S.; Mitchell, D. Mix design of concrete for prestressed concrete sleepers using blast furnace slag
and steel fibers. Cem. Concr. Compos. 2016, 74, 39–53. [CrossRef]

7. Yang, J.M.; Shin, H.O.; Yoon, Y.S.; Mitchell, D. Benefits of blast furnace slag and steel fibers on the static and fatigue performance
of prestressed concrete sleepers. Eng. Struct. 2017, 134, 317–333. [CrossRef]

8. Bae, Y.; Pyo, S. Effect of steel fiber content on structural and electrical properties of ultra high performance concrete (UHPC)
sleepers. Eng. Struct. 2020, 222, 111131. [CrossRef]

http://doi.org/10.1061/(ASCE)MT.1943-5533.0001646
http://doi.org/10.1016/j.engfailanal.2014.04.020
http://doi.org/10.1016/j.conbuildmat.2016.03.148
http://doi.org/10.1016/j.conbuildmat.2013.02.076
http://doi.org/10.1016/j.cemconcomp.2016.08.007
http://doi.org/10.1016/j.engstruct.2016.12.045
http://doi.org/10.1016/j.engstruct.2020.111131


Materials 2021, 14, 2979 17 of 17

9. EN 13230-2. Railway Applications-Track-Concrete Sleepers and Bearers-Part 2: Prestressed Monoblock Sleepers; European Committee for
Standardization (CEN): Brussles, Belgium, 2016.

10. AS-1085.14. Railway Track Material Part 14: Prestressed Concrete Sleepers; Standard Australia: Sydney, Australia, 2012.
11. UIC. 713R. Design of Monoblock Concrete Sleepers; UIC Leaflet, International Union of Railways: Paris, France, 2004.
12. Hashim, D.T.; Hejazi, F.; Lei, V.Y. Simplified Constitutive and Damage Plasticity Models for UHPFRC with Different Types of

Fiber. Int. J. Concr. Struct. Mater. 2020, 14, 1–21. [CrossRef]
13. Pyo, S.; El-Tawil, S.; Naaman, A.E. Direct tensile behavior of ultra high performance fiber reinforced concrete (UHP-FRC) at high

strain rates. Cem. Concr. Res. 2016, 88, 144–156. [CrossRef]
14. Park, S.; Wu, S.; Liu, Z.; Pyo, S. The role of supplementary cementitious materials (SCMs) in ultra high performance concrete

(UHPC): A review. Mater. 2021, 14, 1472. [CrossRef] [PubMed]
15. Pyo, S.; Abate, S.Y.; Kim, H.K. Abrasion resistance of ultra high performance concrete incorporating coarser aggregate. Constr.

Build. Mater. 2018, 165, 11–16. [CrossRef]
16. Pyo, S.; El-Tawil, S. Capturing the strain hardening and softening responses of cementitious composites subjected to impact

loading. Constr. Build. Mater. 2015, 81, 276–283. [CrossRef]
17. Bae, Y.; Pyo, S. Ultra high performance concrete (UHPC) sleeper: Structural design and performances. Eng. Struct. 2020,

210, 110374. [CrossRef]
18. Auersch, L.; Said, S.; Knothe, E.; Rücker, W. The dynamic behavior of railway tracks with under sleeper pads, finite-element

boundary-element model calculations, laboratory tests and field measurements. In Proceedings of the 9th European Conference
on Structural Dynamics (EURODYN 2014), Porto, Portugal, 30 June–2 July 2014; pp. 805–812.

19. Chandra, S.; Shukla, D. Sustainability of Railway Tracks. In Sustainability Issues in Civil Engineering; Springer: Singapore, 2017;
pp. 91–104.

20. Sucharda, O.; Mateckova, P.; Bilek, V. Non-Linear Analysis of an RC Beam Without Shear Reinforcement with a Sensitivity Study
of the Material Properties of Concrete. Slovak J. Civ. Eng. 2020, 28, 33–43. [CrossRef]

21. Valikhani, A.; Jahromi, A.J.; Mantawy, I.M.; Azizinamini, A. Numerical Modeling of Concrete-to-UHPC Bond Strength. Materials
2020, 13, 1379. [CrossRef] [PubMed]

22. Shin, M.; Yu, H. Numerical Evaluation of Splitting Performance of Prestressed Concrete Prisms With Larger Diameter Prestressing
Wires. In Proceedings of the 2019 ASME Joint Rail Conference, Snowbird, UT, USA, 9–12 April 2019. [CrossRef]

23. ABAQUS. ABAQUS Documentation; Dassault Systemes: Providence, RI, USA, 2012.
24. Pyo, S.; Kim, H.K.; Lee, B.Y. Effects of coarser fine aggregate on tensile properties of ultra high performance concrete. Cem. Concr.

Compos. 2017, 84, 28–35. [CrossRef]
25. Japan Society of Civil Engineers (JSCE). Recommendations for Design and Construction of High Performance Fiber Reinforced Cement

Composites with Multiple Fine Cracks (HPFRCC); Concrete Engineering Series; Springer: Tokyo, Japan, 2008.
26. Naaman, A.E. Engineered steel fibers with optimal properties for reinforcement of cement composites. J. Adv. Concr. Technol.

2003, 1, 241–252. [CrossRef]
27. Pyo, S.; Wille, K.; El-Tawil, S.; Naaman, A.E. Strain rate dependent properties of ultra high performance fiber reinforced concrete

(UHP-FRC) under tension. Cem. Concr. Compos. 2015, 56, 15–24. [CrossRef]
28. Wille, K.; Kim, D.J.; Naaman, A.E. Strain-hardening UHP-FRC with low fiber contents. Mater. Struct. 2011, 44, 583–598. [CrossRef]

http://doi.org/10.1186/s40069-020-00418-9
http://doi.org/10.1016/j.cemconres.2016.07.003
http://doi.org/10.3390/ma14061472
http://www.ncbi.nlm.nih.gov/pubmed/33802943
http://doi.org/10.1016/j.conbuildmat.2018.01.036
http://doi.org/10.1016/j.conbuildmat.2015.02.028
http://doi.org/10.1016/j.engstruct.2020.110374
http://doi.org/10.2478/sjce-2020-0005
http://doi.org/10.3390/ma13061379
http://www.ncbi.nlm.nih.gov/pubmed/32197551
http://doi.org/10.1115/JRC2019-1315
http://doi.org/10.1016/j.cemconcomp.2017.08.014
http://doi.org/10.3151/jact.1.241
http://doi.org/10.1016/j.cemconcomp.2014.10.002
http://doi.org/10.1617/s11527-010-9650-4

	Introduction 
	Mix Design and Fabrication of UHPC Sleeper 
	Finite Element Modeling 
	Comparisons with Experimental Data 
	Summary of the Testing at the Rail-Seat Section 
	Validation of the Numerical Sleeper Models 
	Fiber Orientation Reduction Factor 
	Validation of the Numerical Models 


	Parametric Study 
	Design of Input Parameters 
	Analysis Results 
	Cross-Sectional Dimensions: L, M and H 
	The Diameter and the Yielding Strength of PS Tendons 
	Steel Fiber Contents 


	Discussion 
	Conclusions 
	References

